Objective: To compare postoperative outcomes of full-bed deep anterior lamellar keratoplasty (DALK) with penetrating keratoplasty (PK) in treating keratoconus. Methods: Seventy-five eyes of 64 patients who received full-bed DALK and 52 eyes of 51 patients who received PK between June 2000 and August 2010 were included in this retrospective study. Full-bed DALK was performed using Yao's hooking-detaching technique. PK was performed using a standard technique. Intraoperative and postoperative complications, visual acuity, rejection, graft survival, endothelial cell density, corneal sensation recovery, and re-innervation were compared between the two groups. Results: A best correct visual acuity of 0.5 or better was achieved in 90.7% of eyes after full-bed DALK and in 92.3% of eyes after PK (P=0.75). By the fifth postoperative year, graft endothelial cell loss reached 34.6% in the PK group vs. 13.9% in the full-bed DALK group (P<0.001). There were no statistical differences in corneal sensitivity recovery or corneal re-innervation between the groups (P>0.05). Intraoperative microperforation occurred in seven out of 75 (9.3%) eyes with a temporally postoperative double anterior chamber in two eyes in the full-bed DALK group. Postoperative complications in the PK vs. the full-bed DALK groups respectively were: rejection (7.7% vs. 0%, P=0.015), high intraocular pressure (IOP) (46.2% vs. 1.3%, P<0.001), secondary glaucoma (9.6% vs. 0%, P=0.006), complicated cataract (19.2% vs. 0%, P<0.001), and wound dehiscence (9.6% vs. 0%, P=0.006). Conclusions: Both full-bed DALK and PK can offer long-term satisfactory visual outcomes for keratoconus. Graft rejection, secondary glaucoma, complicated cataracts, and constant endothelial cell loss were observed in eyes only after PK.
Introduction
Keratoconus is a non-inflammatory, progressive thinning, and ectatic disorder of the cornea (Krachmer et al., 1984; Rabinowitz, 1998; Sherwin and Brookes, 2004) . Based on the natural course and severity of corneal thinning and ectasia, keratoconus may be divided into four stages: the preclinical stage, early clinical stage, advanced stage, and complication stage. In the advanced stage, keratoconus is characterized by a significantly localized steep conical protrusion associated with prominent stromal thinning in the cone and the adjacent area of the cornea (Rabinowitz, 1998) . Highly irregular astigmatism and high myopia in the advanced stage make spectacle correction unsatisfactory or impossible. They also make contact lens correction intolerable, because of the poor fit between the lens and the cornea (Rabinowitz, 1998; Smiddy et al., 1988) . Following the advanced stage, keratoconus may further develop into the complication stage with spontaneous Descemet's membrane (DM) tears causing highly acute stromal edema (Sharma et al., 2011) , and even the occasional occurrence of perforation (Yeh and Smith, 2008) . Although most keratoconus with acute hydrops can resolve automatically, a residual scar will persist (Tuft et al., 1994; Rabinowitz, 1998) . Therefore, corneal transplantation becomes the only feasible therapeutic approach for keratoconus in the advanced and complication stages. Through transplantation, the corneal stroma can recover its normal thickness, the protruded cone of the cornea will return to normal curvature, and irregular astigmatism and high myopia will be markedly reduced, even to normal refraction, which helps improve vision significantly.
Two types of corneal transplantation can be used for treating keratoconus: penetrating keratoplasty (PK), which transplants full-layers of the donor cornea including the endothelium to the host eye (Sharif and Casey, 1991; Lim et al., 2000; Pramanik et al., 2006; Jensen et al., 2010) , and deep anterior lamellar keratoplasty (DALK), which transplants donor corneal tissue to the host eye with the DM retained and intact (Amayem and Anwar, 2000; Coombes et al., 2001; Al-Torbak et al., 2006; Fontana et al., 2007; Feizi et al., 2010) . In the advanced stage of keratoconus, as the DM is not involved, either DALK or PK can be used, but for the complication stage, PK may be the only option since tearing of the DM and scarring have occurred in the recipient cornea. However, some investigators have tried DALK in a small series of cases by retaining small amounts of the recipient stroma not reaching the DM for treating keratoconus after acute hydrops (Anwar and Anwar, 2011; Chew et al., 2011; Ramamurthi and Ramaesh, 2011) .
Several studies have compared the clinical results of PK with DALK in treating keratoconus (Watson et al., 2004; Funnell et al., 2006; Bahar et al., 2008; Han et al., 2009; Jones et al., 2009) . Techniques for performing DALK differed among these studies, creating different intraoperative and postoperative complications (Amayem and Anwar, 2000; Coombes et al., 2001; Watson et al., 2004; Al-Torbak et al., 2006; Funnell et al., 2006; Fontana et al., 2007; Bahar et al., 2008; Han et al., 2009; Jones et al., 2009; Feizi et al., 2010) . In addition, many of the studies used fresh donor tissue for DALK grafting, which can cause stromal rejection and even graft failure after surgery (Al-Torbak et al., 2006; Jones et al., 2009; Feizi et al., 2010) . We have developed a unique hooking-detaching technique for performing full-bed DALK, which helps to ensure thorough removal of the stroma from the DM in the full bed with few complications (Yao et al., 2006; Yao, 2008; Wu et al., 2012) . Moreover, full-bed DALK using the hooking-detaching technique takes advantage of grafting cryopreserved donor corneal buttons without live cells, which avoids the potential risks of graft rejection (Yao et al., 2002; Yao, 2008; Wu et al., 2012) . We have reported a comparison of the long-term results from using full-bed DALK or PK for treating herpetic scars of the cornea (Wu et al., 2012) . In this study, the long-term results of full-bed DALK and PK for treating keratoconus are reported.
Patients and methods

Patients
The clinical data of patients who had received full-bed DALK grafts using Yao's hooking-detaching technique (Yao et al., 2006; Yao, 2008; Wu et al., 2012) or PK grafts for treating keratoconus from June 2000 through August 2010 were reviewed. Keratoconus was diagnosed on the basis of clinical slit-lamp findings (stromal thinning, conical protrusion, a Fleisher ring, Vogt striae, and sub-epithelial scarring) and characteristics of topographic pattern. The development of these features had made glass correction unsatisfactory and the use of contact lenses intolerable. Inclusion criteria were that patients with keratoconus had received full-bed DALK or PK with a minimum follow-up of twelve months after surgery. Exclusion criteria included patients who were not grafted by a primary transplant or those who had a history of previous intraocular surgery, coexistence of other ocular disease (such as retinal disorder or glaucoma) not only keratoconus, or postoperative follow-up of less than twelve months.
The choice of surgical approach depended on the patient's willingness. The potential advantages and disadvantages of full-bed DALK and PK for treating the keratoconus were explained to the patients, as described by Wu et al. (2012) . Patients who had a history of acute hydrops were recommended to receive PK rather than full-bed DALK.
Surgical procedures
All surgery was performed by the same surgeon (YFY). The surgical procedure of full-bed DALK was as described in our previous publications (Yao et al., 2006; Yao, 2008; Wu et al., 2012) . In brief, a small area of the DM was exposed using the stromal hooking technique, to create a pocket in the recipient bed at 12 o'clock after a trephination of 7.25 to 8.00 mm in diameter. The full stroma was detached by viscoelastic material injection through the pocket and then removed in a single layer to expose completely the DM in full bed (Fig. 1) . In cases where the primary exposure did not exactly reach the layer of the DM, a secondary hooking-detaching procedure was performed (Fig. 2) . A cryopreserved donor corneal button was grafted using a continuous 10-0 nylon suture or 16 bits of interrupted 10-0 nylon sutures. The size of the donor graft chosen to match the bed depended upon the axial length of the recipient eye: if the axial length was equal to or shorter than 23.75 mm, the graft was 0.5 mm oversize; if longer than 23.75 mm but shorter than 25.00 mm, the graft was 0.25 mm oversize; if longer than 25.00 mm, the graft was the same size.
In PK, a standard surgical procedure was carried out in all cases. The recipient bed was created by trephination using a trephine 7.25 to 8.00 mm in diameter. A fresh donor button, preserved in a moist chamber, was secured by a continuous 10-0 nylon suture or by 16 bites of interrupted 10-0 nylon sutures. The process for selecting a graft size to match the bed was the same as for full-bed DALK grafting. If a planned full-bed DALK for one eye was switched to PK due to large tear of the DM, the eye was included in the PK group for analysis.
Postoperative medication and follow-up
In the full-bed DALK group, 0.5% (5 g/L) levofloxacin or 0.3% (3 g/L) ofloxacin (Santen pharmaceutical Co., Osaka, Japan) and 0.1% (1 g/L) fluorometholone (Santen pharmaceutical Co., Osaka, Japan) eyedrops were administered four times daily. The PK group was treated with 0.1% (1 g/L) dexamethasone sodium phosphate combined with 0.3% 
(3 g/L) tobramycin eyedrops (Tobradex, Alcon, Fort Worth, TX, USA) four times daily. Steroid eyedrops were applied to the eyes after full-bed DALK for at least six months and after PK for at least twelve months, and were then gradually reduced according to the clinical outcome. The application of steroid eyedrops was adjusted when the intraocular pressure (IOP) increased during the follow-up. If this did not work, topical antiglaucoma medication was administered. Rejection episodes were treated with Tobradex eyedrops every 1 to 2 h and then reduced over several weeks, depending on the clinical response.
All patients who received full-bed DALK or PK were scheduled to be followed up after 2 weeks, 1, 3, 6, 12, 18, and 24 months, and every year thenceforth. A detailed clinical examination was performed at every visit, including assessments of IOP, uncorrected visual acuity, best corrected visual acuity (BCVA), refraction, graft clarity, rejection episodes, corneal endothelial density and density of the sub-basal nerve fibers, development of cataracts, and secondary glaucoma. Patients were followed up at shorter intervals or in an emergency if necessary.
In cases with interrupted suture, selective removal of the suture was carried out on the basis of refractive astigmatism and was guided by topography in both groups during the follow-up period. Suture removal was completed in most cases by the end of the follow-up period.
Major measurements
Sensation in the central cornea was analyzed using a Cochet-Bonnet esthesiometer (Cochet-Bonnet, Lunean, France). Graft corneal endothelial cells and sub-basal nerve fibers were evaluated by slit-scanning confocal microscopy (Confosan 2 or Confosan 3, Nidek Co., Ltd., Gamagori, Aichi, Japan). The cellular density was counted using the manufacturer's software (Navis 3.1.0; Nidek Co., Ltd., Gamagori, Aichi, Japan) and corneal endothelial cell density was determined by counting and averaging the number of cells in an area of 0.05 mm 2 from three confocal microscopic images of the central cornea. The corneal endothelial cell loss was calculated as the decrease in cell density from 1 month to 1 year, and at 2, 3, 4, and 5 years postoperatively, expressed as a percentage of the cell density at 1 month. The number of long (≥200 µm) sub-basal nerve fibers was counted manually from the same confocal microscopic images. The density of the sub-basal nerve fibers was measured in each visit from the best acquired confocal microscopic image and was expressed as µm/mm 2 . Visual acuity was recorded using decimal charts and was converted to the logarithm of the minimum angle of resolution (logMAR). Vision levels of counting fingers and hand movements were substituted by logMAR values of 1.7 and 2.0, respectively.
All intraoperative and postoperative complications were reviewed, including microperforation of the DM, large DM tears, double anterior chambers, graft rejection, graft failure, high IOP, and secondary glaucoma. The diagnosis of graft rejection, graft failure, high IOP, secondary glaucoma, or complicated cataract was based on the clinical manifestation as defined by Wu et al. (2012) .
Statistical analysis
The Kolmogorov-Smirnov test was used for testing the normality of the datasets. To investigate differences between the groups, the Pearson Chisquare test was used for categorical variables, the independent t test for normally distributed variables, and the Mann-Whitney U test for non-normally distributed continuous variables. Rejection-free outcomes and graft survival were compared between the two groups by using a Kaplan-Meier survival analysis and a log-rank test. A two-tailed probability of 5% or less was considered statistically significant.
Results
General characteristics
One hundred and twenty-seven eyes of 106 patients met criteria for inclusion in this study. Among them, 75 eyes underwent full-bed DALK grafts and 52 eyes underwent PK grafts. Nine patients received bilateral full-bed DALK, one patient received bilateral PK, and 11 patients received full-bed DALK in one eye and PK in the contralateral eye. There were no significant differences between the two groups regarding age, gender, graft size, and host-graft size discrepancy. The postoperative follow-up period was (46.9±28.0) months for the full-bed DALK group, which was shorter than the (60.2±34.6) months for the PK group (P=0.018). Complete suture removal was carried out earlier in the full-bed DALK group than in the PK group ((16.9±6.0) 
Intraoperative and postoperative complications
The intraoperative and postoperative complications of the two groups are listed in Table 2 . During full-bed DALK surgery, microperforation of the DM occurred in 7 out of 75 eyes (9.3%). Double chambers appeared temporarily after surgery in two of these eyes, but they resolved automatically at 5 and 20 d, respectively, without any specific intervention. A large DM tear occurred in one eye when scissor tips were being inserted between the detached stroma and the DM to cut the stroma layer around the trephined margin. In the PK group, there were no intraoperative complications.
Postoperatively, in the PK group, four out of 52 eyes (7.7%) suffered endothelial graft rejection. The rejection-free survival rate in the PK group was 98.0% at 1 year, 95.9% at 2 years, and 90.5% from 3 to 10 years (Fig. 3) . The median duration of a rejection episode in the PK group was (24.7±7.5) months (range, 17-33 months). Although all rejection episodes in the PK grafts were reversible by frequent topical steroid medication, the complete absence of any such postoperative rejection episode in the 75 eyes with full-bed DALK grafts (P=0.02, log-rank test) was a marked difference between the two treatments.
In the full-bed DALK group, only one out of 75 eyes (1.3%) developed temporally raised IOP on the first day of the surgery, possibly caused by air injection in the anterior chamber for tamponading microperforation of the DM during surgery. The raised IOP shortly returned to normal on the second day after surgery by administration of a dehydrolyzing agent and did not need anti-glaucoma medication thereafter, but the raised IOP and air injection in the anterior chamber caused irreversible mydriasis. None of the eyes developed steroid-induced high IOP or glaucoma in the full-bed DALK group, but in the PK group, 24 of the 52 eyes treated developed high IOP. Of those, four returned to normal IOP following a single switching of Tobradex to 0.1% (1 g/L) fluorometholone eyedrops, and 15 returned to normal IOP following adjustment of the topical steroid together with topical anti-glaucoma medication. The remaining five eyes developed secondary glaucoma despite switching topical steroid eyedrops and antiglaucoma medications, and needed a trabeculectomy to control the IOP. Ten of the 52 eyes (19.2%) in the PK group developed complicated cataracts and eight received cataract surgery during the follow-up period, whereas no complicated cataracts were observed in the full-bed DALK group (P<0.001).
Graft-host junction dehiscence occurred in five eyes (9.6%) of the PK group, three as a result of trauma and two due to spontaneous wound dehiscence after suture removal at 15 and 23 months after surgery, respectively. No wound dehiscence occurred in the full-bed DALK group (P=0.006).
Graft survival and endothelial cell changes after surgery
By the last visit, in the full-bed DALK group, all 75 grafts (100%) were clear, whereas in the PK group, 51 grafts (98.1%) were clear and one (1.9%) failed due to recurrence of keratoconus with acute hydrops at 30 months after surgery. Overall, probabilities of graft survival were 100% after 1 to 9 years after full-bed DALK and 97.4% after 3 to 10 years after PK (Fig. 4) . There was no significant difference in graft survival between the two groups (P=0.27, log-rank test).
In the full-bed DALK group, the mean preoperative corneal endothelial cell density was (2 634± 319) cells/mm 2 , significantly higher than (2 230± 404) cells/mm 2 (n=70) at one month after surgery (P<0.001), with a mean 1-month endothelial cell loss reaching (14.2±11.7)%. Mean 1-month endothelial cell loss was significantly higher in the 6 eyes with perforation of the DM than in the 59 eyes without perforation ((26.0±5.6)% vs. (12.7±11.5)%, P=0.026). Among the six eyes with perforation of the DM, the four in which air was injected into the anterior chamber suffered more endothelial cell loss than the two without air-injection during surgery ((29.1± 12.0)% vs. (17.1±25.0)%, respectively, P=0.20). A slight cell loss of graft corneal endothelium was observed in full-bed DALK grafts. The loss was 8.6%, 14.0%, 13.9%, 14.8%, and 13.9% at 1, 2, 3, 4, and 5 years respectively, compared to the 1-month endothelial cell density. By contrast, in PK grafts, a continuous relative decline in corneal endothelial cell density was observed from 14.3% at 1 year to 19.9%, 25.4%, 32.0%, and 34.6% at 2, 3, 4, and 5 years, respectively. The loss in cell density was significantly higher in PK grafts than in the full-bed DALK grafts (Fig. 5) .
Visual and refractive outcomes
Preoperative logMAR BCVA appeared to be worse in the PK group than in the full-bed DALK group (P=0.01, Mann-Whitney U test), possibly due to more eyes in the PK group having experienced acute hydrops or more significant scarring of the stroma. At the last visit, a BCVA equal to or better than 0.5 was achieved in 90.7% of eyes in the full-bed DALK group vs. 92.3% of eyes in the PK group (Table 3) . Only in one eye (1.9%) of the PK group was the BCVA lower than 0.1, due to a recurrence of acute hydrops. Postoperative myopia in the full-bed DALK graft group was significantly lower than in the PK group (P<0.001). More eyes in the full-bed DALK group had the absolute spherical equivalent within one diopter (P=0.03), whereas the distribution of astigmatism was similar in the two groups (Table 4) . No statistically significant differences in BCVA were found between the two groups at any postoperative follow-up visits (Fig. 6) .
Recovery of corneal sensation and sub-basal nerve regeneration
Recovery of central corneal sensation (Fig. 7) along with sub-basal nerve regeneration (Tables 5 and  6 , and Fig. 8 ) occurred sooner in the PK group than in the full-bed DALK group, but was not statistically significant between the two groups throughout the whole follow-up period. The earliest appearance of the sub-basal nerve was found at about 6 months after 
Fig. 5 Periodic changes in corneal endothelial cell density after full-bed deep anterior lamellar keratoplasty (DALK) and penetrating keratoplasty (PK)
Six months after surgery, corneal endothelial cell density was significantly higher in the PK group than in the full-bed DALK group. However, from one to five years after surgery, cell density in the full-bed DALK group remained almost stable, while in the PK group it showed a continuous decline. 
Values are expressed as mean±standard deviation (SD)
surgery in both groups. The percentage of eyes with sub-basal nerves was 2.9% (1/34), 14.3% (6/42), 25.8% (8/31), 58.8% (10/17), 60.0% (6/10), and 66.7% (4/6) in the PK group, and 1.7% (1/60), 12.3% (8/65), 25.6% (11/43), 35.7% (5/14), 42.8% (3/7), and 50.0% (3/6) in the full-bed DALK group at 0.5, 1, 2, 3, 4, and 5 years after surgery, respectively.
Discussion
The purpose of corneal transplantation for advanced keratoconus includes reconstruction of normal corneal thickness of the thinning cornea, restoration of normal curvature of the protruded cornea, and improvement of the refractive state of the eye for achieving significantly better vision. Consistent with many previous studies (Watson et al., 2004; Funnell et al., 2006; Bahar et al., 2008; Han et al., 2009) , our data show that full-bed DALK can achieve at least the same effect as PK in long-term clinical observation. However, our results and those of many others (Watson et al., 2004; Funnell et al., 2006; Bahar et al., 2008; Han et al., 2009) contradict to some extent those of a recent multiple center study (Jones et al., 2009) , which suggested that the improvement in vision created by DALK may not be as favorable as that created by PK. However, DALK surgery is very dependent on the technique and skill of individual surgeons. Only when surgical techniques among groups of surgeons are matched consistently, can meaningful multi-center comparisons be made. Therefore, further studies are needed to compare conclusively the improvement in vision achievable with DALK and PK. Our current study also showed that refraction and astigmatism created by full-bed DALK and by PK were not significantly different, with mean astigmatism of three to four diopters in both groups, consistent with the results of other studies (Watson et al., 2004; Han et al., 2009; Jones et al., 2009) .
Regardless of the need for further multi-center studies, our current study suggests that full-bed DALK has many obvious advantages over PK. The most important advantage is the absence of allograft rejection in full-bed DALK grafts. This is attributable to the retention in situ of the recipient DM together with endothelium, for grafting. Moreover, the use of cryopreserved donor tissue for grafting in the full-bed DALK clearly contributed to the absence of postoperative rejection, since no live cells were retained in the cryopreserved donor tissue (Yao et al., 2002; Yao, 2008; Wu et al., 2012) . Epithelial and stromal types of rejection may occur when fresh donor tissue is used in DALK for grafting (Al-Torbak et al., 2006; Jones et al., 2009; Feizi et al., 2010) . The absence of allograft rejection in the full-bed DALK group was consistent with our previous studies (Yao et al., 2006; Yao, 2008; Wu et al., 2012) in which we treated other corneal diseases using the same technique of full-bed DALK grafting. Another advantage of using cryopreserved donor tissue for DALK grafting is that we can expand the donor sources, because there is no need to consider the health of the endothelium for long-term cryopreservation of donor tissue. Thus, an elderly donor or a donor with unhealthy endothelium but healthy stroma can still be used effectively for full-bed DALK grafting. This is particularly important for saving corneal tissue in a country like China in which there is an extreme shortage of donors for transplantation.
A second and also very important advantage of full-bed DALK is that it needs only very mild anti-inflammatory medications, such as 0.1% fluorometholone eyedrops for short-term use postoperatively, which certainly helps reduce the incidence of postoperative complications. Moreover, simple, short-term, and very mild anti-inflammatory medications for the full-bed DALK grafts are very helpful for patients who live in remote areas or those who comply poorly with regular follow-ups and medication instructions. In such situations the behavior of the patients will not affect the quality of graft survival. In the PK group, not only was there a 7.7% incidence of allograft rejection, but also complications presumably induced by topical steroids. These results were strikingly different from those of the full-bed DALK group. To prevent postoperative allograft rejection of the PK grafts, we routinely apply Tobradex eyedrops (0.1% dexamethasone sodium phosphate with 0.3% tobramycin) four times daily for at least 12 months to PK-grafted eyes. The difference in postoperative medications between the two groups is clearly associated with the different incidences of high IOP (46.2% in PK grafts vs. 1.3% in full-bed DALK grafts, P<0.001), secondary glaucoma (9.6% in PK grafts vs. 0% in full-bed DALK grafts, P=0.006), and complicated cataracts (19.2% in PK grafts vs. 0% in full-bed DALK grafts, P<0.001).
Potential graft failure and postoperative endothelial cell loss were other concerns. Our current study showed that, in the PK group, the overall probability of graft survival was 97.3% after 3 to 10 years. Although there was 7.7% allograft rejection, it did not cause graft failure by endothelial decompensation. Our results regarding PK for keratoconus are very consistent with many previous reports (Lim et al., 2000; Watson et al., 2004; Funnell et al., 2006; Pramanik et al., 2006; Bahar et al., 2008) . Only one graft failure in the PK group was observed, which was due to a recurrence of keratoconus in the graft with acute hydrops. This result suggests that long-term graft survival, even in the PK group, is quite satisfactory. However, when endothelial cell loss is considered, the difference between the PK and full-bed DALK groups is remarkable. Our data show a decline in corneal endothelial cell density in PK grafts of 14.3%, 19.9%, 25.4%, 32.0%, and 34.6% at 1, 2, 3, 4, and 5 years, respectively, significantly higher than that of 8.6%, 14.0%, 13.9%, 14.8%, and 13.9% at 1, 2, 3, 4, and 5 years respectively, in the full-bed DALK group (Fig. 5) . In the PK group, a steady and continuous decline in endothelial density was observed, even in the absence of allograft rejection. This suggests that chronic cell loss in the graft endothelium induced by non-immunologic factors may lead to eventual graft failure in extended long-term observation (Ing et al., 1998; Patel et al., 2005) . Although endothelial cell loss was significantly lower than in the PK grafts, it did occur in the full-bed DALK grafts. The most critical period for cell loss was within one month after surgery when cell loss reached 14.2% compared with the preoperative endothelial cell density. This result suggests that thorough removal of the recipient stroma and complete exposure of the DM, even using our viscoelastic detaching technique, may lead to a certain degree of endothelial cell loss due to the indirect impact of surgical manipulation of the endothelium. Endothelial cell loss within one month after surgery was also observed in other studies using different DALK techniques (Sugita and Kondo, 1997; van Dooren et al., 2004; Marchini et al., 2006; Fontana et al., 2007; Cheng et al., 2011) . We observed a slight decline in endothelial cell density in the full-bed DALK grafts one year after surgery, although the decline was significantly less than that in the PK grafts. The occurrence of endothelial cell loss one year after surgery was in contrast to the results of other studies (Shimazaki et al., 2002; van Dooren et al., 2004) , and also contradicted our own previous study using full-bed DALK to treat herpetic corneal scars (Wu et al., 2012) . A further study is needed to explain why a slight endothelial cell loss occurred following full-bed DALK over the 5-year period after surgery.
Previous studies have demonstrated that corneal nerve bundles are derived mainly from the ophthalmic branch of the trigeminal nerve and partly from the maxillary branch of the trigeminal nerve. The thick stromal nerve trunks enter the cornea at the periphery below the anterior third of the stroma, moving in a radial fashion parallel to the corneal surface (Muller et al., 1996; 2003; Patel and McGhee, 2009 ). Therefore, both sub-basal nerve fibers and stromal nerve trunks will be severed by PK and by full-bed DALK, causing loss of corneal sensation in the grafts. An important issue is whether corneal sensation recovery and corneal re-innervation may differ between the cryopreserved donor grafts of the full-bed DALK group and the fresh donor grafts of the PK group. In the present study, based on Cochet-Bonnet esthesiometer measurements, corneal sensation recovery in the full-bed DALK group was slightly, but not significantly, slower than in the PK group (Fig. 7) . In both groups, the corneal sensation recovery began slowly at 6 months after surgery, gradually increased from 12 through 24 months after surgery, then noticeably accelerated from 36 to 48 months after surgery, reaching close to normal levels at 60 months after surgery (Fig. 7) . The appearance and recovery of corneal sensation in the grafts were confirmed by confocal microscopy, showing the earliest appearance of the sub-basal nerve at about 6 months after surgery in both groups. Quantitative analysis of nerve fiber numbers and density through 60 months postoperative observation by confocal microscopy (Fig. 8) showed no statistical difference between the full-bed DALK group using cryopreserved donor tissue for grafting, and the PK group using fresh donor tissue (Tables 5 and 6 ). To our knowledge, this is the first report of corneal sensation recovery and corneal re-innervation in grafts of cryopreserved donor tissue.
Further observations of stromal cell reconstruction in the cryopreserved donor grafts after full-bed DALK are currently underway, and the results will be reported elsewhere.
Of particular concern were the two eyes in which spontaneous junction dehiscence occurred during suture removal at 15 and 23 months after surgery, respectively, in the PK group, suggesting poor stromal wound healing at the host-graft junction. Wound dehiscence was not noticed in the full-bed DALK grafted eyes, even with earlier suture removal. We suspect that the intact DM retained in the recipient eye provided tectonic support to prevent occurrence of spontaneous dehiscence in full-bed DALK grafted eyes, or possibly that stromal wound healing is better in full-bed DALK than in PK.
The hooking-detaching technique for performing full-bed DALK was described in detail previously (Yao et al., 2006; Yao, 2008; Wu et al., 2012) , and the results of treating herpetic corneal scars and corneal stromal dystrophy using the technique have been reported by Wu et al. (2012) and Huo et al. (2011) . The many techniques that have been developed for performing DALK share the disadvantages of being time-consuming and technically difficult. DM perforation has a rate of incidence of between 4.0% and 39.2% (Sugita and Kondo, 1997; Coombes et al., 2001; Fontana et al., 2007; Marchini et al., 2006; Sarnicola et al., 2010) , and large DM tears needing conversion to PK have a rate of incidence of from 2.3% to 3.5% (Feizi et al., 2010; Kubaloglu et al., 2011; Sarnicola and Toro, 2011) . Using the stromalhooking and viscoelastic-detaching technique in handling keratoconus for 76 eyes, microperforation of the DM occurred in 9.3% (7 out of 75) of eyes. Since microperforation was created by a very tiny forceps tip, like the tip of a needle, only two out of seven eyes developed temporary double chambers. The others did not show postoperative double chambers even without air injection into the anterior chamber to tamponade the detached membrane. The double chambers in the two eyes resolved automatically at 5 and 20 d, respectively, without any specific intervention. One eye had a large DM tear which occurred during the insertion of scissors to cut the stromal layer around the trephined margin, suggesting that before removing the stromal layer, it may be necessary to ensure that the stroma has been fully detached from the DM. Aside from these intraoperative complications, our technique enables thorough removal of the stroma with a completely exposed DM in full bed. This was confirmed using scanning electron microscopy of the removed tissue (Yao et al., 2006) . The average operating time for each eye was 1 h and 10 min. We believe that the stromal-hooking and viscoelastic-detaching technique for performing DALK is worthy of further promotion among ophthalmologic surgeons.
In summary, many advantages of full-bed DALK over PK in treating keratoconus suggest that the technique deserves further promotion among ophthalmologic surgeons to master the surgical skills required, so that patients can receive surgery with fewer complications and much longer graft survival.
Compliance with ethics guidelines
Yong-ming ZHANG, Shuang-qing WU, and Yu-feng YAO declare that they have no conflict of interest.
All procedures followed were in accordance with the ethical standards of the Ethics Committee of Sir Run Run Shaw Hospital, Zhejiang University School of Medicine, China and with the Helsinki Declaration of 1975, as revised in 2000(5). Informed consent was obtained from all patients for being included in the study.
